Introduction {#sec1_1}
============

Ischemic injury remains a problem in transplanted kidneys from donors after cardiac death, despite major progression in techniques and preventive therapies \[[@B1], [@B2]\]. Regardless of an extensive insight into how hypoxia plays a central role in the development of renal cell failure and death \[[@B3]\], the pathophysiological mechanisms involved in the functional decline of the whole organ, eventually leading to a complete recovery or a definite failure, remain not fully explained.

The interdependence of organs requires that the experimental study of the renal function be dissociated from extrarenal control mechanisms. One of the principal reasons to develop and improve isolated kidney models was that in vivo studies are often complicated by concurrent changes in blood pressure, circulating fluid volume, CO~2~ tension, or neurogenic and hormonal responses to the experimental stimuli \[[@B4]\]. Moreover, the isolated perfused kidney can be subjected to a wide range of variables, which would be impossible in an in vivo model. For instance, the delivery of oxygen to the kidney can be reduced to very low levels, without the interference of compensatory responses from other organ systems, like the autonomic nervous system \[[@B5]\].

In the past, many studies evaluating the effects of hypoxic stress on isolated perfused kidneys have been performed with cell-free perfusate media, resulting in a poor-performing urinary concentration function \[[@B6]\]. The use of isolated kidneys perfused with blood has a number of advantages, such as the ability to concentrate the urine, a better filtration fraction and especially an improved delivery of oxygen to the inner medullary regions, preventing premature necrosis and dysfunction of this area \[[@B7]\]. Functional impairment in this model can be induced either by stopping the perfusate (ischemia) or by reducing oxygen tension of erythrocytes with continuous perfusion of the kidney. The latter condition might be more representative of human acute kidney injury, i.e. when blood flow is reduced due to very low blood pressure. The disadvantage of total blood flow cessation is the fact that it prevents the metabolic products of the ischemic kidney from being washed out.

Previously, our group has described a technique for the perfusion of an isolated rabbit kidney with autologous blood. In this experimental setup, the kidney shows a fairly normal functional state for about 2.5 h \[[@B8]\]. With this technique, it is possible to simulate conditions of a kidney to be transplanted and to investigate the influences of different substances on kidney function during hypoxia and reoxygenation.

Several pharmacological agents have been tried out in order to improve renal function after ischemic insults. Among these, mannitol, an osmotic diuretic, has been proven to be beneficial in transplantation \[[@B9]\]. Its main protective effect on postischemic kidneys has been proposed to be cell swelling \[[@B10]\]. Therefore, in this study, intratubular pressure measurements were used to investigate the effects of hypoxia on isolated rabbit kidneys, perfused with autologous blood, and to determine whether prevention of intratubular pressure increase by inhibiting cellular swelling thanks to hypertonic mannitol could indeed explain the improvement in renal function.

Materials and Methods {#sec1_2}
=====================

Surgery and Perfusion {#sec2_1}
---------------------

The left kidney of female rabbits weighing 3--4 kg was removed under anesthesia (ketamine, 3--10 mg/kg of body weight) and perfused with a small amount (25 ml) of heparinized blood from the same animal in a closed circuit including a pump and an oxygenator. It is important to mention that the turning cylinder, which allows the venous blood to form a fine film for the gas exchange, should be thoroughly cleaned with ether and alcohol before the start of the experiments; otherwise no thin blood film is formed over the total surface of the cylinder, resulting in poor gas exchange. The complete circulatory device was kept in a temperature-controlled bath at 38°C, and warm oil or saline at the same temperature was dripped on the kidney surface \[[@B8]\]. In brief, the duration of the operative ischemia averaged 5 min. Renal blood flow (RBF; Skalar Transflow 600 System, extracorporeal probe, internal diameter 3 mm) and perfusion pressure (Gould Statham pressure transducer: P23 ID) were continuously monitored and recorded on a PC via a PowerLab 4E analog digital converter (ADInstruments). The perfusion pressure was kept constant at 100 mm Hg through adaptation of the pumping device.

Urine was collected from a ureteral catheter. During the perfusion, continuous infusion was given (0.1 ml/min) in order to compensate for urine excretion. The content of the infusion solution (in m*M*) was: NaCl 35, KCl 40, creatinine 7.4, urea 133, NaH~2~PO~4~ 3.4, Na~2~HPO~4~ 13.6, NaHCO~3~ 22.6, glutamine 10, and glucose 55. In addition, it also contained 30 IU/l \[Arg^8^\]-vasopressin (AVP; Sigma). When urine flow (UF) exceeded 0.1 ml/min, additional NaCl (145--290 m*M*) was infused to compensate for the excess urine production and loss of osmolytes. Blood loss through sampling and bleeding was compensated with a similar amount of whole blood in order to keep the hematocrit fairly constant at 32 ± 3%. The total amount of blood in the system should not exceed 25 ml, in order not to induce an irreversible intense vasoconstriction \[[@B8], [@B11]\].

After establishment of the perfusion, the isolated kidneys were allowed to recover for a period of at least 25 min. This initial recovery was followed by four 30-min periods of perfusion during which urine was collected (P1--P4). Blood samples were taken at the end of each period. The data recorded in P1 were used as reference values.

Experimental Protocols {#sec2_2}
----------------------

In the first series of experiments (n = 5), oxygen (96% O~2~, 4% CO~2~) supply to the oxygenator was interrupted at the end of P1 and replaced by nitrogen (96% N~2~, 4% CO~2~), which was administered during the whole period P2 (25--30 min) and resulted in a decrease in arterial blood P*O*~2~ from 144 ± 36 to 11 ± 3 mm Hg (n = 5).

In the second series of experiments (n = 5), the renal perfusion conditions were similar to those of the previous hypoxic series. However, in this series, mannitol (15%) was added to the compensating infusion at the start of P2 and continued in P3 and P4. One control series of experiments (n = 5) was carried out in which mannitol was evaluated for its functional effects on the perfused kidney during continuous normal perfusion without any other intervention. Mannitol was infused at the above-mentioned dose, starting at the beginning of P2. In all series, the hydrostatic pressure was measured in micropunctured proximal tubules using a servo-nulling micropressure system (model 900A; WPI) according to the technique of Fein \[[@B12]\] and Wiederhielm et al. \[[@B13]\]. Several proximal tubules were selected on their morphological aspects via a stereomicroscope (Leica MZ6) during each perfusion period. During pressure measurements, kidneys were superfused with a warm aqueous 0.9% NaCl solution.

Chemicals and Animals {#sec2_3}
---------------------

All chemicals were purchased from Sigma Belgium and were of the highest grade available. White adult rabbits were kept in the animal facilities of the University. Handling of animals was completely in accordance with the institutional ethical guidelines and rules.

Analyses {#sec2_4}
--------

Plasma and urine samples were analyzed for Na^+^, K^+^ and creatinine by a Beckman Synchron Clinical System CX3. Plasma and urine osmolality were measured with a Knauer-Halb micro-osmometer. Creatinine clearance (C~Cr~) was calculated as *C*~*Cr*~ = (*U*~*Cr*~ × *UF*)/*P*~*Cr*~, where U~Cr~ and P~Cr~ equal the urine and plasma concentrations of creatinine, and was used to estimate glomerular filtration rate (GFR). As was shown in a previous article \[[@B8]\], C~Cr~ are similar to the inulin clearances found in vivo in hydrated rabbits \[[@B14]\]. T^C^~H2O~ and C~osm~ were calculated from UF and urine and plasma osmolality: *T*^C^~*H*2*O*~ =∣*C*~*osm*~ *-- UF*∣. T^C^~H2O~ was plotted against the C~osm~ in order to assess the concentrating ability of the kidneys \[[@B15]\]. pH, P*CO*~2~ and P*O*~2~ were measured with a Chiron Diagnostics 238 pH/blood gas analyzer (Bayer).

Histology {#sec2_5}
---------

In selected experiments, the kidney was fixed for histological examination at the end of perfusion. The arterial circulation was interrupted and about 15 ml of formalin (6%) were injected intra-arterially at a constant pressure of 100 mm Hg. The kidney was then cut into pieces and the pieces fixed further in formalin. Sections were stained with hematoxylin- eosin reagents and examined with the aid of a light microscope.

Statistics {#sec2_6}
----------

The results are presented with their means and SD expressed per gram of kidney weight and were analyzed with one-way ANOVA followed by a Bonferroni test for multiple comparisons. p \< 0.05 was considered as significantly different.

Results {#sec1_3}
=======

During hypoxia (P2), RBF increased significantly (see experimental protocols) and recovered promptly after oxygenation was restored in P3 and P4 (blank and solid bars in fig. [1](#F1){ref-type="fig"}). Only a slight rise in RBF was observed during P2 when mannitol was given in the absence of hypoxia (gray bars in fig. [1a](#F1){ref-type="fig"}). Urine production was not measurable in P2 when hypoxia alone was applied. However, excretion of urine during hypoxia (P2) was still measurable with infusion of mannitol (fig. [2](#F2){ref-type="fig"}). In addition, C~Cr~ decreased less with the infusion of mannitol (fig. [3](#F3){ref-type="fig"}) compared to the extensive decline in the series with hypoxia alone. C~Cr~ almost reached the values obtained with mannitol alone. Sodium and potassium excretion decreased to zero during the hypoxic phase and recovered slightly after reoxygenation in conditions after plain hypoxia. With the addition of mannitol, sodium and potassium excretion remained fairly close to normal values (fig. [4](#F4){ref-type="fig"}; table [1](#T1){ref-type="table"}).

Plasma potassium concentration increased significantly in P2 and P3, with a slight restoration in P4, even in the presence of a reduced excretion in the series with a hypoxic insult (table [1](#T1){ref-type="table"}). T^C^~H2O~ decreased after hypoxic stress. This decrease was significantly less when mannitol had been infused (fig. [5](#F5){ref-type="fig"}), indicating that NaCl was still being actively reabsorbed in the thick ascending limb of the loop of Henle. When T^C^~H2O~ is plotted against C~osm~, indicating how much 'free water' can be regained from the osmotic loss, it is obvious that during hypoxia the concentration capacity of the kidney is very low, whereas in the presence of mannitol that capacity seems independent of the hypoxic stress (fig. [6](#F6){ref-type="fig"}). In the absence of osmotic diuresis elicited by mannitol, the concentration capacity is optimal, as can be derived from the control data \[[@B15]\]. Plasma osmolality increased throughout the experiments in which mannitol was infused, both under normal and hypoxic conditions (table [2](#T2){ref-type="table"}).

Proximal tubule pressure (PTP) increased during P2 under the hypoxic condition, except in the presence of mannitol, and recovered immediately to the initial value during P3 and P4 (fig. [7](#F7){ref-type="fig"}). PTP remained fairly constant in the series with mannitol alone.

Histological slides did not reveal any difference between hypoxic and normally perfused kidneys.

Discussion {#sec1_4}
==========

In this study, an attempt was made to investigate some aspects of the pathophysiology of hypoxic stress on an isolated rabbit kidney model perfused with autologous blood. The first striking observation was that during hypoxia, RBF increased more than twice the initial value, regardless of the constant perfusion pressure. With this increased RBF one would have expected a high C~Cr~\[[@B16]\], but on the contrary, urine production ceased. Moreover, the high RBF argues against any vascular obstruction during the hypoxic phase. In kidneys of newborn rabbits exposed to hypoxemia, an increase in renal vascular resistance was reported \[[@B17]\]. Besides the activation of the carotid bodies, in these studies mean blood pressure also decreased, which led to a reactive sympathetic stimulation and hence vasoconstriction. Our model is not influenced by the latter.

The corresponding PTP rise in parallel with the RBF during P2 may suggest that the cessation of urine production in P2 was a consequence of tubular obstruction \[[@B18], [@B19]\]. This obstruction could be reversed by hypertonic mannitol infusion since it was observed that urine production did not entirely cease and in addition PTP did not increase during hypoxia in the presence of hypertonic mannitol, despite a similar increase in RBF. The possibility that the obstruction might be the result of extratubular compression by the peritubular capillaries is unlikely, since no rise in intratubular pressure was observed in the presence of mannitol during the hypoxic phase with an increased RBF. In the present preparation, the contribution of cast formation to the obstruction seems improbable. Indeed, then the obstruction would be mechanical and still be present after cessation of hypoxia, and intratubular pressure would have remained high during the recovery phase, as has been shown earlier \[[@B20]\]. In addition, histological examination of kidneys subjected to hypoxic insult did not reveal structural tissue damage compared with control kidneys. It is therefore assumed that reversible swelling of the tubular cells is the most probable cause of the obstruction, since this phenomenon was observed in MDCK cells exposed to metabolic inhibition \[[@B21]\] and in an experimental model of ischemic renal failure \[[@B22]\]. Moreover, in isolated rat kidneys perfused with artificial solutions with inherently lower oxygen content, it was reported that cortical tissue indicated signs of tubular epithelial swelling, whereas perfusion with hyperosmolar mannitol showed a well-preserved histology \[[@B23]\]. The increased plasma osmolalities, observed during infusion with hypertonic mannitol (table [2](#T2){ref-type="table"}), support the suggestion that the cells are prevented from swelling during the hypoxic insult. The role of cellular swelling in kidney injury was also observed in a study in which hypertonic mannitol was able to reduce the effects of the injury at a comparable plasma osmolality, as achieved in the present study \[[@B24]\].

Finally, the increase in plasma potassium concentration during hypoxia, inducing the cellular potassium loss, and the subsequent decrease after reoxygenation, notwithstanding the decreased excretion in P3 and P4, indicate that the cells were still viable after the hypoxic insult and were able to restore their volume by activating the Na-K-ATPase. Moreover, the relatively high T^C^~H2O~ values during infusion of mannitol compared to plain hypoxia indicate that the Na pump in the thick ascending limb of the loop of Henle is still able to create an interstitial corticomedullary osmotic gradient, leading to free water reabsorption in the presence of vasopressin.

Since the partial oxygen pressure entering the kidney in our model is 11 ± 3 mm Hg, we assume that it was \<5 mm Hg in the vicinity of the tubules, for it was shown in a study on freshly isolated perfused proximal tubules of mice that electrogenic ion transport was maintained during a 20-min exposure to hypoxic conditions of 5 mm Hg and no swelling was observed \[[@B25]\].

The low C~Cr~ in P3 and P4 cannot be explained by cell swelling, since intratubular pressure dropped to control values.

Mannitol leads to a better filtration during and after hypoxia, as has also been demonstrated earlier \[[@B26]\]. In a more recent study, mannitol decreased the delivery of NaCl to the distal segments of the nephrons \[[@B27]\]. This could contribute to an inhibition of the tubuloglomerular feedback \[[@B28]\]. The lower NaCl concentration at the level of the macula densa will depress the tubuloglomerular feedback mechanism responsible for the low filtration rate in the early recovery phase after reperfusion without mannitol. The RBF is not affected by mannitol, whereas GFR increases due to inhibition of the tubuloglomerular feedback mechanism. This can be explained by the fact that adenosine, the mediator of this mechanism, has a vasoconstrictor effect on the afferent glomerular arterioles via an A~1~ receptor, whereas the efferent arteriole dilates through A~2~ receptor activation, allowing a drop in GFR without affecting blood flow \[[@B29]\].

Mannitol was also protective in a reversible model of acute renal failure in dogs infused with norepinephrine through maintenance of glomerular capillary pressure and prevention of tubular obstruction \[[@B30]\].

In summary, the present results indicate that hypoxic stress leads to cellular swelling, which contributes to an obstruction of the tubular lumen, leading to an increase in tubular pressure and a decrease in GFR. Hypertonic mannitol reduces cellular swelling and probably inhibits the tubuloglomerular feedback, eventually leading to the improvement and even recovery of renal function during and after hypoxic stress. Mannitol may thus be beneficial for the function of posttransplanted kidneys when used cautiously by monitoring the osmolal gap and, as has been stated earlier, with an appropriate state of hydration \[[@B9], [@B31], [@B32], [@B33]\].
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![**a** Average RBF of the four perfusion periods expressed per gram of kidney weight (KW). Blank bars = Hypoxia in P2; solid black bars = hypoxia in P2 and mannitol infusion during P2--P4; gray bars = mannitol infusion during P2--P4. \* p \< 0.05 vs. P1. **b** Representative tracing of RBF immediately before and during hypoxic stress. I = Stop oxygenation; II = blood sampling; III = restart oxygenation.](nne-0001-0201-g01){#F1}

![UF expressed per gram of kidney weight (KW). UF ceased during hypoxia alone. Blank bars = Hypoxia in P2; solid black bars = hypoxia in P2 and mannitol infusion during P2--P4; gray bars = mannitol infusion during P2--P4. \* p \< 0.05 vs. P1.](nne-0001-0201-g02){#F2}

![C~Cr~ expressed per gram of kidney weight (KW). Blank bars = Hypoxia in P2; solid black bars = hypoxia in P2 and mannitol infusion during P2--P4; gray bars = mannitol infusion during P2--P4. \* p \< 0.05 vs. P1.](nne-0001-0201-g03){#F3}

![Sodium excretion (E~Na~) expressed per gram of kidney weight (KW). Blank bars = Hypoxia in P2; solid black bars = hypoxia in P2 and mannitol infusion during P2--P4; gray bars = mannitol infusion during P2--P4. \* p \< 0.05 vs. P1.](nne-0001-0201-g04){#F4}

![T^C^~H2O~ expressed per gram of kidney weight (KW). Blank bars = Hypoxia in P2; solid black bars = hypoxia in P2 and mannitol infusion during P2--P4; gray bars = mannitol infusion during P2--P4. \* p \< 0.05 vs. P1.](nne-0001-0201-g05){#F5}

![T^C^~H2O~ plotted against C~osm~ during normal perfusion (Ô), after hypoxia alone (◊), during and after hypoxia and mannitol (♦), and during mannitol alone (♦).](nne-0001-0201-g06){#F6}

![PTP. Blank bars = Hypoxia in P2; solid black bars = hypoxia in P2 and mannitol infusion during P2--P4; gray bars = mannitol infusion during P2--P4. \* p \< 0.05 vs. P1.](nne-0001-0201-g07){#F7}

###### 

Plasma potassium concentration and potassium excretion during P1-P4

  Period                              Hypoxia                                       Hypoxia + mannitol                            Mannitol
  ----------------------------------- --------------------------------------------- --------------------------------------------- ---------------------------------------------
  *Plasma K^+^, mEq/l*                                                                                                            
  P1                                  3.1 (0.8)                                     2.7 (0.4)                                     2.8 (0.3)
  P2                                  4.7 (1.0)[^\*^](#T1F1){ref-type="table-fn"}   6.4 (1.7)[^\*^](#T1F1){ref-type="table-fn"}   2.2 (0.4)
  P3                                  7.2 (0.7)[^\*^](#T1F1){ref-type="table-fn"}   6.2 (2.1)[^\*^](#T1F1){ref-type="table-fn"}   1.8 (0.4)[^\*^](#T1F1){ref-type="table-fn"}
  P4                                  4.2 (0.6)                                     1.9 (0.8)                                     1.7 (0.3)[^\*^](#T1F1){ref-type="table-fn"}
                                                                                                                                  
  *K^+^ excretion, mEq/min* · *gKW*                                                                                               
  P1                                  0.5 (0.1)                                     0.5 (0.1)                                     0.5 (0.0)
  P2                                  --                                            0.5 (0.1)                                     0.4 (0.1)
  P3                                  0.0 (0.0)[^\*^](#T1F1){ref-type="table-fn"}   0.2 (0.1)[^\*^](#T1F1){ref-type="table-fn"}   0.3 (0.0)
  P4                                  0.3 (0.1)                                     0.2 (0.1)[^\*^](#T1F1){ref-type="table-fn"}   0.3 (0.0)

Values are means (SD).

p \< 0.05 vs. P1 KW = Kidney weight.

###### 

Plasma osmolality in P1-P4

  Period   Plasma osmolality, mosm/l                                                                 
  -------- -------------------------------------------- -------------------------------------------- --------------------------------------------
  P1       275 (12)                                     303 (10)                                     295 (10)
  P2       272 (14)                                     322 (9)                                      304 (17)
  P3       278 (12)                                     373 (8)[^\*^](#T2F1){ref-type="table-fn"}    336 (15)[^\*^](#T2F1){ref-type="table-fn"}
  P4       282 (13)[^\*^](#T2F1){ref-type="table-fn"}   396 (33)[^\*^](#T2F1){ref-type="table-fn"}   360 (17)[^\*^](#T2F1){ref-type="table-fn"}

Values are means (SD).

p \< 0.05 vs. P1
